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Abstract. The present paper deals with the modelling of ductile fracture which is the
result of severe plastic deformation under monotonic loading. It can be the result of
a crash or accident or introduced intentionally. There is a need of increasing the safety
in many fields of industrial sector or transportation. The aluminium alloy 2024-T351 is
widely used for studies of ductile fracture. The material was supplied as a cold-rolled
plate for this study and examined within a broad range of stress states. First of all,
the flow curve was determined using the standard tensile test of smooth cylindrical bar.
Then, the tensile tests of variously notched cylindrical bars were conducted to show the
pressure dependence. The tensile and torsion tests of notched tube were added in order to
document the dependency on the deviatoric stress state. Finally, the compression test of
smooth cylinder was executed. Then, deviatoric stress state dependent plasticity and the
original ductile fracture hyperbolic criterion were calibrated. The damage accumulation
nonlinearity was examined through loading–unloading experiments. The double damage
curve approach, inspired by the fatigue life prediction, was revisited and calibrated using
the semi-cyclic testing. Finally, the softening effect was studied aiming to couple the
damage with plasticity. The performance and prediction ability was verified after the
model was completely calibrated and implemented into the Abaqus finite element software.
Three different cases of tension were chosen for this comparative purpose. The tension
of notched cylindrical and tubular specimens and flat specimen. The ductile fracture
criterion coupled with plasticity should provide the slant fracture in the conditions of
plane strain due to localization. Nevertheless, it is shown that the proposed approach has
still some drawbacks in prediction of the crack propagation.
1 INTRODUCTION
The ductile fracture has been studied using different approaches and for various appli-
cations so far [1, 2, 3].
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One measure can be the ability to produce a similar mode of cracking [4] and the other
perceives the global performance [5, 6]. The ability to describe the plastic behaviour
remains one of the cornerstones when concerning the uncoupled ductile fracture criteria
[7, 8]. Notwithstanding how well the phenomenological criterion is calibrated, it is crucial
what history preceded the crack initiation [9]. Then, there is a transition in the form of
partially coupled criteria which brings the important advantage in more realistic crack
propagation [10]. Besides the ability to produce the slant fracture, the coupled ductile
fracture criteria provide a tool how to put the plasticity and damage together. Apart from
the criteria based on Gurson-type model [11], which incorporates the damage directly into
the plasticity, the plasticity and damage are computed along each other and influence one
another [12]. Then, various possibilities are opened for describing the material behaviour
which can be useful in vast area of applications [13, 14, 15].
The purpose of this paper is to design a set of reliable fracture tests and to develop
a universal ductile fracture criterion. Aluminium alloy 2024-T351 was chosen for those
studies as a suitable candidate [16]. It has been widely used in aerospace industry [17].
The plasticity is another feature of the whole model. It was considered as a non-quadratic
one to describe different behaviour at uniaxial tension and plane strain. It is suitable to
couple the plasticity with damage to make the approach advanced as much as possible.
This can be realized through weakening. The nonlinear damage accumulation is the last
important part of the approach. It was shown that it is not suitable to investigate it
through the step-wise testing [18], but rather using loading–unloading experiments [8].
The verification of results were conducted on three cases of tension. Tension of notched
cylindrical and tubular specimens, covered in calibration and describing the tensile axial
symmetry and plane strain tension, and additional test – tension of flat plate.
2 YIELD CRITERION
First of all, the tensile test of smooth cylindrical specimen was conducted. Then, the
flow curve was estimated (Fig. 1a). It is very useful to use the approach of Xue [19] who
introduced the flow curve of matrix. In our case, this curve (Fig. 1b) was obtained by
multiplying the flow stress by correction function (m = 1 during plasticity calibration)
m = 1 + ¯p, (1)
where ¯p is the equivalent plastic strain. It was revealed that the behaviour of studied
aluminium alloy cannot be described by quadratic von Mises plasticity well [20]. Instead,
the yield criterion proposed by Kroon and Faleskog [21] was adopted. Yield function is
Φ = σ¯ −mwσY k, (2)
where σ¯ is the equivalent von Mises stress, w is the weakening function (w = 1 during
plasticity calibration), σY is the yield stress, and k is the yield function correction as
k = 1− γω
(
1 + ω
1
a
0
ω
1
a + ω
1
a
0
)a
, (3)
where γ = 0.123, ω0 = 0.18 and a = 4 are calibrated material constants, so it is close to
Tresca yield criterion, and ω is the normalized Lode parameter [22].
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Figure 1: The flow curve: (a) conventional; (b) of matrix material
3 DAMAGE ACCUMULATION
The semi-cyclic testing was used to study the nonlinear damage accumulation. First,
the damage parameter can be estimated as [23]
D = 1− E¯
E
, (4)
where E¯ is the actual degraded Young’s modulus and E is the virgin Young’s modulus.
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Figure 2: The semi-cyclic testing and fitted nonlinear damage accumulation
Then, the double damage curve approach proposed by Manson and Halford [24] for
fatigue was revisited. The damage parameter reads
D =
∫ ˆD
0
q1
d¯p
C + ¯f
+
∫ ˆD
0
q2(1− q1)
(
¯p
C + ¯f
)
d¯p
C + ¯f
, (5)
where ˆD is the equivalent plastic strain for a given loading path, q1, q2 and C are three
material constants and ¯f is the fracture envelope.
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The two material constants were calibrated using the semi-cyclic experiments (Fig. 2)
as q1 = 0.54 and q2 = 4.
4 MATERIAL WEAKENING
The material weakening is realized through the weakening function mentioned earlier
w = 1−Dβ, (6)
where β is the weakening exponent. It was calibrated together with constant C to fit the
tensile test of smooth cylindrical specimen (Fig. 3) as β = 1.1 and C = 0.28.
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Figure 3: The force–displacement response for calibrated constants β and C
5 DUCTILE FRACTURE CRITERION
Table 1: Calibrated material constants for 2024-T351
G1 G2 G3 G4 G5 G6
−0.178 1.195 1.189 0.104 0.301 0.327
The hyperbolic ductile fracture criterion KHPS2 was proposed. It is based on KHPS
criterion [25]. It has the fracture envelope as
¯f =
[
1
2
(
G4
〈η + g〉 +
G5
〈η + g〉
)
− G6〈η + g〉
]
ξ2 +
1
2
(
G4
〈η + g〉 +
G5
〈η + g〉
)
ξ +
G6
〈η + g〉 , (7)
whereG1, . . . , G6 are material constants given in Tab. 1, ξ is the normalized third invariant
of the deviatoric stress tensor, η is the stress triaxiality and g is the parabolic cut-off
g =
(
G3 +
G1 −G3
2
−G2
)
ξ2 +
G1 −G3
2
ξ +G2. (8)
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6 PREDICTION SIMULATIONS
There were chosen three different cases for examination of the performance and pre-
diction ability under tension.
The first is the tension of notched cylindrical specimen. The force–displacement re-
sponse is predicted slightly higher with also higher displacement at fracture (Fig. 4). The
proposed approach predicted the slant fracture in the final stage of cracking, similarly
as in the experiment (Fig. 4). Nevertheless, the classical cup and cone fracture was not
observed experimentally.
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Figure 4: The responses for notched cylindrical specimen and specimens from experiment and simulation
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Figure 5: The responses for notched tubular specimen and specimens from experiment and simulation
The second case is the tension of notched tubular specimen. The shape of force–
displacement curve is captured very well but the model still predicted higher displacement
at fracture (Fig. 5). The slant fracture was not predicted by the model as in the experiment
(Fig. 5).
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The last simulation is the tension of flat plate. The material behaviour at plane strain
or generalized shear was described well the by non-quadratic yield criterion. The material
often obeys lower ductility at this region in comparison to uniaxial tension, as tested at
previous case. The displacement at fracture is grossly over predicted. On the other hand,
the typical slant fracture was formed the same as experimentally observed (Fig. 6).
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Figure 6: The responses for flat plate specimen and specimens from experiment and simulation
The results suggest that the constant C should be lower, so it would prevent the late
cracking. On the other hand, it would deteriorate the force–displacement response of
smooth cylindrical specimen (Fig. 3), where the early cracking would occur.
7 CONCLUSIONS
The present paper dealt with ductile fracture. Proposed criterion KHPS2 was cal-
ibrated using tensile smooth and notched cylindrical specimens, tensile and torsional
notched tube specimens and upsetting cylinder. The damage was coupled with plasticity
to form the coupled model in the sense of continuum damage mechanics.
The model was verified under the tensile loading. The force–displacement curves were
described well in overall, but there were some drawbacks in over estimating the final
fracture. The remarkable difference was observed at plane strain tension. This discrepancy
could be attributed to the different stress state. It is expected that the normalized third
invariant of deviatoric stress tensor should be zero but it tends to approach unity [21, 26].
Nevertheless, this should also affect the flow behaviour which still seems to be described
well contrary to that.
The fracture surfaces were predicted in correspondence with experimental observation,
except for the tension of notched tubular specimen. This could by caused by a very small
thickness of the specimen wall.
The model should be examined further. It would be also useful to conduct more
extensive experimental program and test the aluminium alloy 2024-T351 under more
stress states.
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